Abstract-An improved finite difference time domain (FDTD) method is employed for fast capturing transient responses of reconfigurable and multiple-input-multiple-output (MIMO) antennas under the impact of an intentional high-power electromagnetic pulse (EMP) but with different waveforms, respectively, where lumped element and sub-cellular thin-wire algorithms and coaxial feed model are integrated together for handling such three-dimensional antennas used for wireless communication. Parametric studies are carried out to show effects of high-power EMP waveforms, its polarization state and incident direction on the transient coupled voltages on the coaxial feed line and across the diodes, with sufficient information obtained for understanding the interaction between the EMP and the antennas.
INTRODUCTION
In the past one decade, significant progress has been made in the development of various advanced antennas used for broadband and multiband multiple-input-multiple-output (MIMO) communication systems [1] [2] [3] . Among these, we should to mention reconfigurable antenna [4] , MIMO antenna [5] , and fractal antenna [6] , etc.
On the other hand, it should be understood that electromagnetic environment around us is now becoming more and more complex, because the number of electromagnetic interference (EMI) sources existed is being increased rapidly. Actually, most of communication systems are very sensitive and susceptible to EMI, and in particular to an intentional electromagnetic interference (IEMI) [7] [8] [9] .
IEMI refers to "intentional malicious generation of electromagnetic energy introducing noise or signals into electrical and electronic systems, thus disrupting, confusing, or damaging these systems for terrorist or criminal purposes" [8, 10] . Such an intentional interfering electromagnetic energy can be generated by a non-explosive high-power microwave source [11] , and even a very powerful ultra-wide band pulse antenna [12] .
The IEMI usually works in the following way: (a) an intentional high-power or ultra-wide band electromagnetic pulse is suddenly generated and it is incident onto antennas, metallic enclosure with slots, and transmission lines of the communication system through direct radiation or indirect capacitive or inductive coupling; and (b) as a result, it then causes high voltage, large current and rapid temperature rise in the inner circuit which may result in electrical or thermal breakdown and even destruction of the system [13] [14] [15] .
With respect to IEMI coupling paths with most communication systems, we should at first take radiation coupling between the IEMI and the antenna into account. For a reconfigurable and other MIMO antenna, it usually has active switching feed network or nonlinear device [16, 17] . Under such circumstances, its radiation performance can be easily degraded by an IEMI, and it will be highly challenge to protect it from the attack of an IEMI signal.
Further, we know that the analysis of antenna characteristics in the time domain has been carried out extensively in the past two decades. For example, using finite difference time domain (FDTD) [18] [19] [20] [21] , we can effectively capture radiation information of various antennas, with the capacity to handle time-varying and nonlinear problems.
In this paper, an improved FDTD method is implemented for investigating transient responses of reconfigurable and MIMO antennas under the impact of a high-power EMP, respectively. The organization of this paper is arranged as follows. In Section 2, geometries of both reconfigurable and MIMO antennas are presented, and the obliquely incident high-power double-exponential EMP with an arbitrary polarization state is given. In Section 3, an improved FDTD method is outlined, with lumped element and sub-cellular thin-wire algorithms and new coaxial feed model integrated together. In Section 4, numerical calculation is carried out to demonstrate the effects of incident high-power EMP waveform, its polarization state, and its incident direction on the transient coupled voltages on the coaxial feed line and across the diodes of the antennas. Some conclusions are drawn in Section 5.
PROBLEM DESCRIPTION
One typical reconfigurable antenna capable of redirecting the mainbeam position is proposed in [4] . Figs. 1(a) and (b) show the structure of this pattern-diversity square-ring patch antenna illuminated by an EMP. The square-ring patch with its outer and inner side lengths is set to be 40 and 28 mm [4] , respectively. The inside rectangular patch of the dimensions l ×w is etched on the same face of a FR4 printed circuit board, with the thickness of 0.6 mm and the permittivity of 4.4. It is supported by four shorting walls at a height of 7 mm above the ground plane of dimension 100 × 100 mm 2 . The shorting walls A and B have the same width s = 0.5 mm, and C and D are connected with ground plane by a pin diode [4] , respectively. The gap between the inside Figure 1 . The geometry of a reconfigurable antenna proposed in [4] . Its (a) 3-D structure; and (b) top view, respectively. rectangular and the square-ring patches is g = 9 mm. The antenna is fed by a coaxial line, with its inner radius 0.635 mm and directly connected to the centre of the rectangular patch. Its reconfigurable operation principle can be referred in detail in [4] .
On the other hand, we would like to show the geometry of our proposed MIMO antenna, with a high isolation and an extremely closely packed tuneable dual-element planar inverted-F antenna (PIFAs) array [5] , as shown in Figs. 2(a)-(c) , respectively. It consists of two PIFAs operating at 2.4 GHz for the WLAN with MIMO under the proposed 802.11n standard. Its substrate is made of standard FR4, with the relative permittivity of 4.7 and the thickness of 0.8 mm. The two PIFAs have the length, width and height of L pifa = 21.6 mm, W pifa = 6 mm and H pifa = 7 mm, respectively. There is a slot cut on the ground plane between two PIFAs, with the width of d = 1.8 mm, and it plays a critical role in the present mechanism for reducing mutual coupling. A capacitive sheet, with width W cf = 5 mm, length l cf = 15 mm and height H cf = 3.2 mm, is loaded at the end of the probe [5] . 
where e x , e y , and e z are three unit vectors in the Cartesian coordinate system; the angles θ and ϕ are also defined in Fig. 2 (a), with 0 < θ < 180 • and 0 < ϕ < 360 • . The polarization state of EMP is determined by the polarization angle ψ, and six incident field components are described by
where E (inc) , in general, can be described by a double-exponential function as follows:
and
Depending on the values of two parameters α and β [22, 23] , the incident high-power EMP can be divided into fast-, medium-and slow-EMP, respectively, as shown in Table 1 .
The external pulse in plane wave form will be introduced into FDTD domain using the technique of the total/scattered field [24] . 
IMPROVED FDTD METHOD
With respect to the above three-dimensional structures in Figs. 1 and 2, traditional FDTD is not able to handle thin wire, lumped element, and coaxial feed probe enclosed. Therefore, an improved FDTD method will be proposed for the analysis of their transient responses.
Lumped Element and Thin-wire Sub-cellular Algorithm
As we apply the Maxwell's curl equation to the lumped element in the FDTD domain in Figs. 1(a) and (b), we have
where J C = σ E, D = ε E, and the local current density of the lumped element is related to the total current
For the lumped element of z-directed resistor R located in the free space at the field component E z , we have
As for the lumped element of a capacitor C located in the free space at E z , we obtain [24] 
]/∆t (9) Also, substituting (7) into (6), we get
(a) (b) Figure 3 . Faraday's law contour path for the thin wire in Fig. 1(a) at the x-z plane; (b) at the y-z plane.
We have several choices to simulate thin wire probe feed in FDTD domain in Figs. 1 and 2 . In [25] , both adjacent electric and magnetic fields are corrected according to the wire radius, the field correction is carried out by modifying both equivalent permittivity and permeability of the adjacent cells. The other choice is to use a set of standard thinwire FDTD equations proposed in [26] . As the feed is a coaxial line, the later will be implemented in our FDTD algorithm, Fig. 3 illustrates the geometry used for driving special FDTD time-stepping expression for the circumferential looping H-and radial E-component immediately adjacent to a z-aligned thin wire.
As an example, for the looping H y -component, we have
where a = 0.2 mm.
Equivalent Coaxial Line Feed Model
More recently, an equivalent feed model for the FDTD analysis of an antenna excited by a coaxial line is proposed [27] . Here, we further modify its mathematical equations which are applicable for the Cartesian coordinate system. Using the quasi-static approximation, Figure 4 . The equivalent magnetic-frill current and the equivalent load circuit of a cylindrical monopole antenna fed by a coaxial line [28] .
the coaxial aperture is represented as an equivalent magnetic-frill current, as show in Fig. 4 . According to the theory of transmission line [28] , the total voltage at the aperture with the load terminal of the line should be equal to the superposition of the incident V inc (t) and the reflected one denoted by V ref (t), i.e.,
For a lossless line with a characteristic impedance Z 0 , the reflected voltage
The equivalent magnetic-frill current, including the effects of TEM mode, is described by
where b = 0.5 mm assumed. According to the Ampere's law, the feed current I(t) can be calculated by (15) where i f , j f and k f are the spatial grid points of the feed cell, and the discrete time t = nt. According to the thin-wire approximation given in [26] , as to the feed cell, Equations (13a) and (13b) will be changed, (14) and (18) 
The reflected feed voltage is obtained by
NUMERICAL RESULTS AND DISCUSSION
To verify our developed improved FDTD algorithm, Figs. 5(a) and (b) show the calculated return losses of the above reconfigurable and MIMO antennas, respectively, but with no intentional EMP introduced. The computational domain is discretized with cubic cells of ∆x = ∆y = 0.5 mm, ∆z = 0.2 mm, the time step is ∆t = ∆z/(2c 0 ), c 0 = 3 × 10 8 m/s; and 20 layers of perfectly matching layer (PML) absorbing boundary is employed to truncate the computational domain. The return losses are calculated by [29] . As for the diode, we make use of two equivalent circuit models to deal with its ON-and OFF-state, respectively, i.e., when the pin switch diode is in the ONstate, its equivalent circuit just includes a resistor about 0.9 Ω. When it is in the OFF-state, the diode can be equivalent to a capacitor about 0.2 pF [4] . In Fig. 5(a) , the return losses corresponding to both ON-and OFF-state of two pin diodes are considered, and good agreements are obtained with those of the measured results given in [4] . In Fig. 5(b) , excellent agreements are also obtained between our FDTD algorithm and that of commercial software HFSS for the MIMO antenna.
Further, Fig. 6 shows the calculated radiation patterns of the reconfigurable antenna using our hybrid FDTD algorithm on the y-z plane at 2.16 GHz, with both diodes set at OFF-state. It is further indicated that our algorithm is able to predict the radiation characteristics of the above antenna accurately. Fig. 2 , which is also illuminated by a high-power fast-, medium-and slow-EMP, respectively, with the same incident direction and polarization angle as assumed in Fig. 7 . Evidently, the transient coupled voltage excited by the fast-EMP is also the strongest among three EMP incidences.
We when θ = 45 • the coupled voltage is much larger than that of θ = 90 • , as shown in Fig. 11(a) . This can be understood that the antenna gain at θ = 45 • , as plotted in [4] , is the largest among the three cases here. Also, it is observed that the coupled voltage across the diodes in Fig. 11(b) is the lowest.
As the incident EMP is as high as E 0 = 70 kV/m, the coupled voltage across both diodes exceeds the switch voltage 1.5 V, and this imply that their switching state is disturbed by the high-power EMP. Under such condition, such a reconfigurable antenna cannot be operated properly. 
CONCLUSIONS
In this paper, the transient responses of reconfigurable and MIMO antennas under the impact of intentional high-power electromagnetic pulse are investigated using an improved FDTD method, with lumped element and sub-cellular thin-wire algorithm and new coaxial feed model integrated together. Numerical results are presented to show the effects of different pulse waveform parameters on the transient coupled voltages on the coaxial feed line and across the diodes of the antennas, also including the incident EMP direction and polarization state, etc. Therefore, the above study can provide us sufficient information about the interaction of an intentional high-power EMP with the above antennas, which is essential for protecting circuits inside the communication system from the attack of an IEMI.
